The authors present a velocity sensor based on the electrodynamic principle. It is designed to utilize active damping in an engine mounting structure. To design the magnetic circuit, a new dimension, the winding-density free transducer constant X wdf , is introduced and implemented in numerical field simulation software as an optimization parameter. Based on these simulations an electrodynamic transducer with a constant of 22.1 Tm in the frequency range of 10 … 200 Hz is realized. Using simple electronics, this sensor offers a cost-effective alternative to other means like laser vibrometry with an error of less than 1 %.
Introduction
Reduction of structural vibration by passive mounting structures has reached a limit. Therefore, active suspension systems are increasingly investigated. These systems aim to actively reduce the coupling of dynamic forces from a vibrating element like an engine into the load-bearing structure [1] .
As the advantages of passive mounting structures (high load tolerance) and active components can be combined, highly integrated systems are developed, which add an artificial damping to the mechanical construction. This approach is especially effective for damping rigid body modes and requires information about the current velocity of the structure and was implemented in an active, hybrid-structure engine mounting system [2] .
In order to supply the control unit of an active suspension system with the needed velocity information, an electrodynamic sensor measuring the differential velocity between both ends of an active suspension system is investigated in this paper.
Measurement principle
For applications like engine mounting structures in ships or cars, a frequency range between 10 Hz and 200 Hz at deflection amplitude of 70 μm has to be covered by the sensor [2] . This leads to velocity amplitudes between 0.8 and 88 mm/s.
In order to measure the velocity of moving objects, the possible options can be grouped into integrating, direct and differentiating principles. Both indirect groups of principles involve several inherent disadvantages as a robust, cost-efficient and fast responding sensor is desired.
The differentiation or integration of indirect signals requires an additional signal processing step. This may introduce disturbances as differentiating a noisy signal linearly increases the noise amplitude with frequency. The time-domain based integration of noisy signals is also problematic as it leads to a firstorder random walk hence the variance of the signal grows linearly with time [3] . In this case, a periodic reset of the signal or a high-pass filter is required.
In contrast to that, direct principles lack these drawbacks. Out of a variety of possible direct principles (e.g. laser vibrometry) the selection of the electrodynamic transducer principle is cogent, as in comparison with the other options, electrodynamic transducers (e.g. voice coil configuration) can be designed costsaving, robust and simple. These attributes are crucial for mass production and harsh operating environments like engine compartments in ships and cars.
The electrodynamic transducer converts the velocity of a motion directly into a voltage (1) where represents the path of wire that moves through the magnetic field Note that reaches its maximum for a given velocity if all three vectors are at right angles with each other.
Design considerations
An electrodynamic transducer can be seen as a two-port which acts as a bidirectional coupler between the mechanical and the electrical part of a mechanical sensor. Its transducer constant connects both sides of the two-port mathematically as it implements the physical induction law shown in equation 1. In equation 2, a perpendicular alignment of the magnetic flux density , the direction of the velocity and the path of the moving wire is assumed. Furthermore, all time-dependent variables ( are considered as harmonic and therefore complex values and indicated with an underscore. The design goal is the maximization of , which is strongly controlled by geometry and the generation of the magnetic field.
(2)
A voice-coil configuration is advantageous as it provides a scalable length of wire on a cylindrical coil and perpendicular alignment of the three vectors in equation 1. Figure 1 shows the cross-section of the chosen cylindrical design. This configuration allows deriving several general design considerations: In order to achieve a high in the air gap, a permanent magnet providing a high residual remanence is advisory (e.g. NdFeB). The length of the wire on the cylindrical coil is given by the count of windings and its circumference . Neglecting the stray fields at the upper and lower rims of the flux-guide, the effective length of wire is given by equation 3, introducing as the coil winding density:
; with
Dividing by the winding density , a dimension is defined, which is fully independent of the applied coil winding parameters (e.g. wire width, number of layers): (4) is used as a performance index for the magneto-static finite element analysis (FEA) using CST EM Studio. Due to the non-linear magnetic saturation effects inside the flux guide numeric design engineering is appropriate to define the yet undefined dimensions . Magnetic saturation in the flux guide is the main limiting influence for . Therefore, materials with high values for saturation induction should be used. Simulations show that should be maximized even though diminishes proportionally with . The aim is to maximize the cross sectional area of the flux guide in the saturating districts.
is to be set to the limit, above which its cross sectional area (parallel to the magnetic flux) is bigger than in the shaft in the middle, the same is true for (see figure 2 ).
The simulation was made using a NdFeB-Magnet (d 1 = 40 mm, d 2 = 23 mm) with 1.2 T remanence and St37-Steel as flux guide material (saturation induction: 2.2 T). The best value for is reached for the maximum value for , 21 mm. 
Experimental results
The sensor is assembled as shown in figure 3a, using leaf springs for linear guiding. To determine the actual transfer function of the sensor, it is mounted on a table and the connection point is connected to an electrodynamic shaker (Brüel&Kjaer 4810). An acceleration sensor is used as a reference sensor to calculate the reference velocity by integration (sensor: B&K 8001; signal conditioner: B&K Nexus 2692) at a sensitivity of 10 V/ms -1 . The applied coil has a winding density of windings per mm. The coil voltage and the velocity signal from the reference sensor are connected to a signal analyzer (Agilent 35670A), which collects the measurement data and stores amplitude and phase of the transfer function. The amplitude is formed by the logarithmical ratio 20 log 10 (u coil /u reference ) in dB.
The acquired transfer function is shown in figure 3b . The transducer constant remains nearly stable within the frequency range between 10 Hz and 300 Hz at a value of 22.1 Tm (or: V/ms -1 ). The peaks at 3.2 kHz and 9 kHz are to be construed as rigid body modes of the coil fixture. The measurement implies that the sensor is suitable for the specified frequency range and provides a clean and linear output signal. 
Summary
It is shown, that the electrodynamic sensor principle is suitable for active suspension systems for engine mounting structures. Several design considerations for the maximization of the sensitivity are discussed and proven by numerical simulations. Experimental results confirm the assumptions and a sensor for frequencies between 10 Hz and 200 Hz has been built and provides a sensitivity of 22.1 V/ms -1 .
